T he photovoltaic effect involves the generation of electrons and holes in a semiconductor device under illumination and the subsequent charge collection at opposite electrodes.
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1Ϫ8 Photon absorption of organic optoelectronic materials often creates bound electron-hole pairs (i.e., excitons). Charge collection, therefore, requires dissociation of the excitons, which occurs only at the heterojunction interface between semiconducting materials of different ionization potentials or electron affinities. Soluble conjugated polymers and fullerene have been widely used as electron donors (D) and acceptors (A) to enhance the charge separation. 1Ϫ5 The photoinduced charge transfer between the excited conducting polymer donor and C 60 acceptor can occur very rapidly on a subpicosecond time scale with a quantum efficiency of close to unity for charge separation from donor to acceptor. Because the exciton diffusion range is typically at least a factor of 10 smaller than the optical absorption depth, the photoexcitations produced far from the interface recombine before diffusing to the heterojunction. In order to overcome this deficiency, bulk heterojunction photovoltaic cells based on interpenetrating networks consisting of a polymeric electron donor [e.g., poly(3-hexylthiophene)] and a C 60 derivative acceptor (typically, [6, 6] -phenyl-C 61 -butyric acid methyl ester, PCBM) have been developed. 1, 6 The bulk heterojunction concept has been widely used for polymer photovoltaic cells. Due to its high interfacial contact area between the donor and acceptor, the bulk heterojunction is more effective compared with a bilayer device structure. Miscibility between the electron acceptor and donor at the interface, either caused by a cosolvent effect or postfabrication diffusion, also creates problems in a bilayer device. Furthermore, the overall energy conversion efficiency of a bilayer device is diminished by the limited effective interfacial area available in the layer structure, and the photoexcitations produced far from the interface recombine before diffusing to the bilayer heterojunction. However, a bilayered device structure could be more favorable with respect to the bulk heterojunction for efficient charge transport since the separated charge carriers can easily transport to the opposite electrodes with a minimized recombination possibility. 7Ϫ9 In this regard, Wang et al. 9 reported that a P3HT/PCBM bilayer polymer solar cell with a concentration gradient showed an enhanced photocurrent density and power conversion efficiency compared to those of the bulk heterojunction photovoltaic cells under the same condition. On the other hand, the C 60 layer in bilayer devices could provide an additional protection to the polymer layer from possible degradation caused by oxygen and humidity, thus improving the device stability. 10 More importantly, the bilayer structure allows the C 60 layer to prevent the polymer layer from direct contact with the cathode, reducing the recombination loss and eliminating any possible short circuit problem for polymer hybrid solar cells containing conducting additives (e.g., carbon nanotubes, graphene sheets; see below). In this study, therefore, we focus on the bilayer structure to demonstrate potential applications of P3HT-grafted graphene (G-P3HT) in photovoltaic devices. As can be seen from above discussion, efficient photovoltaic cells should involve materials with a relatively high charge mobility and large DϪA interface for efficient excition dissociation and transport. 5, 11 Along with certain inorganic nanoparticles (e.g., CdSe, 12, 13 CdTe, 5 and ZnO 14,15 nanocrystals), carbon nanotubes (CNTs) have recently been used in bilayer and bulk heterojunction polymer photovoltaic devices to provide the large surface/interface area as well as good electronic properties for enhanced charge separation and transport. 16Ϫ20 However, significant improvement in the overall device performance has not been achieved for CNT-based polymer photovoltaic cells due largely to technical difficulties in dispersing CNTs homogenously in the polymer matrix without any short-circuit problem, particularly in the bulk heterojunction photovoltaic devices.
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As the building blocks for CNTs and other carbon nanomaterials, the two-dimensional (2-D) single atomic carbon sheets of graphene show remarkable electronic, thermal, and mechanical properties attractive for a variety of potential device applications. 21Ϫ25 Of particular interest, graphene shows the highest roomtemperature mobility for electron and hole transport among all known carbon nanomaterials. 25 Compared with CNTs, the one-atom thickness and 2-D carbon network of graphene lead to a much higher specific surface area (hence, a larger interface in a polymer matrix) and a reduced through-thickness short circuit for the photovoltaic active layer even in a bulk heterojunction device. 22, 26 Therefore, the combination of graphene sheets with conjugated polymers is of great promise for polymer-based photovoltaic cells. However, the potential application of graphene sheets in polymer photovoltaic devices has been precluded by their poor solubility, which makes the graphene dispersion and device fabrication very difficult, if not impossible, by the traditional solution processing methods (e.g., spin-or blade-coating). Fortunately, the presence of oxygencontaining functional groups (e.g., ϪOH and ϪCOOH) in graphene oxide (GO) could not only impart solubility for large-scale film formation through solution processes (e.g., spin-casting and layer-by-layer selfassembling) 27 but also facilitate chemical functionalization of graphene for various applications. 28 Although some efforts have been made toward polymer functionalization of GO sheets, no attempt has been reported for conjugated polymer chains. 29 In this study, we have chemically grafted CH 2 OHterminated regioregular poly(3-hexylthiophene) (P3HT) mainly onto carboxylic groups of GO sheets via esterification reaction. The resultant P3HT-grafted GO sheets (G-P3HT) are soluble in common organic solvents, facilitating the structure/property characterization and device fabrication by solution processing. In particular, we have found that a bilayer photovoltaic device based on the solution-cast G-P3HT heterostructure with thermally evaporated C 60 showed an up to 200% increase in the power conversion efficiency compared to its P3HT/ C 60 counterpart under AM 1.5 illumination (100 mW/ cm 2 ). The resultant power conversion efficiency of 0.61% indicates that the G-P3HT/C 60 bilayer photovoltaic device is also more efficient than its counterpart with electron donors based on P3HT with and without doping by CNT or inorganic nanocrystals, such as CdTe tetrapods.
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RESULTS AND DISCUSSION
GO was prepared according to a modified Hummers method. 30 Individual GO sheets thus produced with a thickness of ϳ1.3 nm and size distribution in the range of 0.2Ϫ2 m are shown in Figure S1 of the Supporting Information. End functionalization of P3HT was carried out according to the reported procedure to yield www.acsnano.org ϪCH 2 OH end groups 31 (Scheme S1, Supporting Information). As for the preparation of the P3HT grafted graphene, GO was first reacted with SOCl 2 to obtain acyl-chloride functionalized GO. Then, a condensation reaction between the CH 2 OH-terminated P3HT and the acyl-chloride functionalized GO was performed to yield the G-P3HT (Figure 1 ). The final G-P3HT product can be easily redispersed in common organic solvents, such as THF, chloroform, and toluene, under sonication. Figure 2 shows X-ray photoelectron spectroscopy (XPS) spectra of GO before and after grafting with the CH 2 OH-terminated P3HT chains. While Figure 2a shows only the C and O peaks for GO, the corresponding XPS spectrum for the purified G-P3HT in Figure 2b reveals the presence of carbon, oxygen, and sulfur, arising from the P3HT chains and graphene sheets. Figure 2c reproduces the high-resolution C1s spectrum for GO, which exhibits the presence of CϪC (284.5), CϪO (286.4), CAO (288.0) and COOH (289.0 eV) groups. Upon polymer grafting (Figure 2d ), the intensities of the CAO and COOH peaks decreased dramatically due to the formation of ester linkages between the COOH groups of GO and the hydroxyl groups of the CH 2 OH-terminated P3HT. The presence of the ester linkages in G-P3HT is also evidenced by the CAO and CϪO peaks at 288.0 and 286.5 eV in Figure 2d , though the contribution from some unreacted functional groups in the GO cannot be ruled out. While the esterification reaction between the acyl-chloride functionalized GO and CH 2 OHterminated P3HT significantly reduced the COOH component of GO, the significant decrease of the CϪO component in Figure 2c suggests possible activation of the ϪOH groups of GO by thionyl chloride and subsequent grafting of the CH 2 OH-terminated P3HT onto the activated ϪOH group of GO by the formation of OϪS(O)ϪO linkage (Figure 1 ).
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The ester linkage between P3HT and graphene in G-P3HT was also confirmed by 1 H NMR measurements ( Figure S2ϪS4 , Supporting Information) and further checked by Fourier transform infrared (FTIR) spectroscopy. As shown in Figure 3 (solid line), the pure GO shows the peaks of OH (OϪH stretching vibrations) at 3431, CAO (carboxylic acid and carbonyl moieties) at 1731, and CϪC (skeletal vibration of graphitic domains) at 1627 cm Ϫ1 , along with the broad band over 1000Ϫ1400 cm Ϫ1 arising from the CϪOH (1227) and CϪO (1075) stretching vibrations. 33 For the G-P3HT (Figure 3, dash line) , the bands at 1726 and 1242 cm Ϫ1 can be attributed to the CAO stretching and the CϪO stretching of the ester groups, respectively, confirming the formation of covalent bonding between graphene and P3HT. 34 Besides, the presence of P3HT is confirmed by the appearance of three absorption bands at 2960, 2925, and 2855 cm Ϫ1 associated with aliphatic CϪH stretching of P3HT and the 821 cm Ϫ1 band corresponding to aromatic CϪH bending of P3HT.
35 Figure 4a shows the normalized absorption spectra of pure P3HT and G-P3HT in chloroform solution. A strong absorption band at 446 nm attributable to the Ϫ* transition 36 was seen for pure P3HT, which redshifted to about 458 nm upon grafting onto graphene in G-P3HT. However, the simple mixture of P3HT and graphene in the same solvent did not cause any significant change in the P3HT absorption band ( Figure S5 , Supporting Information). These results indicate that there exists a strong interaction between P3HT and graphene in G-P3HT. Such specific interaction probably increases the electron delocalization along the polymer chain, thus leading to the observed red-shift of the optical absorption peak. 18 The UVϪvis absorption spectra for thin films of pure P3HT and G-P3HT are also shown in Figure 4a . As expected, the P3HT thin film showed a significant red-shift of the Ϫ * absorption up to ϳ512 nm from the corresponding solution absorption at 446 nm due, most probably, to the strong interchain interaction in the regioregular P3HT thin film. The absorption band of the G-P3HT film also showed a strong red-shift up to ϳ522 nm from the corresponding solution absorption at 458 nm. The graphene-induced enhancement in electron delocalization along the chemically grafted P3HT chains was also observed in the G-P3HT film, as evidenced by about 10 nm red-shift in the absorption band of the G-P3HT film with respect to that of the P3HT film. The observed redshifts for the Ϫ* absorption band of G-P3HT in both the solution and the solid state upon being grafted onto graphene indicate an enhanced electron delocalization through charge transfer with the chemically conjugated graphene sheet to reduce the band gap energy; an advantage for the photovoltaic application. 37, 38 As can be seen in Figure 1 , one end of the P3HT chain in the HOH 2 CϪP3HTϪCH 2 OH will be grafted onto one graphene sheet, while the other end of the same polymer chain may attach to the same or to another graphene sheet to form a continuous network structure. This should also facilitate the charge transport in photovoltaic cells. Figure 4b shows photoluminescence (PL) spectra of P3HT and G-P3HT in chloroform solution at an excitation wavelength of 450 nm. As can be seen, the pure P3HT shows a strong emission band over 550Ϫ650 nm, which was remarkably reduced for G-P3HT due to the PL quenching effect caused by graphene. 22 This is an additional advantage for using the G-P3HT in photovoltaic cells.
PL lifetime measurements can provide another evidence for the charge-transfer interaction between P3HT and the graphene in G-P3HT. If the observed PL quenching for P3HT in the G-P3HT results from the charge-transfer interaction with graphene, then the chemical grafting of P3HT chains onto the graphene should accelerate the decay of the P3HT emission. To investigate charge-transfer interaction, we performed time-resolved emission studies by using an excitation wavelength of 410 nm. The PL lifetime was calculated by fitting data to a single exponential decay function. 39 The PL lifetime profiles for the pristine P3HT and G-P3HT are given in Figure 5 , which, as expected, shows a PL lifetime of 507 ps for the pristine P3HT in CHCl 3 and a much shorter PL lifetime of 380 ps for the G-P3HT.
Therefore, the charge-transfer interaction indeed occurred between the P3HT and the graphene in G-P3HT, providing a new nonradiative decay pathway for photogenerated excitons in the G-P3HT. Furthermore, G-P3HT also shows a relatively fast decay time compared with the simple mixture of P3HT and graphene (i.e., G/P3HT) having a PL lifetime of 476 ps ( Figure 5 ). As a result, the chemical linkage between the P3HT and graphene could facilitate the exciton dissociation for the solar cell application.
To demonstrate the potential application of the G-P3HT in photovoltaic cells, we carried out cyclic voltammetry (CV) measurements of pure P3HT and G-P3HT for determining their band gap energies. The CV of both P3HT and G-P3HT revealed well-defined oxidation and reduction peaks ( Figure S6, Supporting Information) . From the onset of oxidation (E ox ) and reduction (E red ) potentials, we can calculate the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) energy levels as well as the energy gaps (E g ) of the polymers, according to the previously reported method (see experimental methods). 40 The obtained electrochemical data, together with the optical absorption data are summarized in Table 1 . As can be seen, G-P3HT showed a lower HOMO level and a narrower band gap than that of P3HT. The relatively lower band gap observed for G-P3HT probably resulted from the above-mentioned charge-transfer interaction between the graphene sheets and end-anchored P3HT chains. 1 mg/mL), G-P3HT (1 mg/mL) , and G/P3HT mixture (1 mg/mL) in CHCl 3 . , fill factor (FF) of 0.41, and overall power conversion efficiency () of 0.61% were obtained for the G-P3HT/C 60 device. In contrast, the reference photovoltaic cell based on P3HT/C 60 showed a much lower V oc (0.23 V), J sc (1.9 mA cm Ϫ2 ), and (0.20%) but a slightly higher FF (0.45). Therefore, the photovoltaic cell based on G-P3HT/C 60 clearly outperformed its counterpart based on P3HT/C 60 . While the increased J sc for the photovoltaic device based on G-P3HT can be attributed to the enhanced charge transport/collection associated with the graphene sheets, the increased V oc is not inconsistent with the reduced HOMO level of the P3HT upon end-anchoring onto the graphene sheet, as the V oc for a bulkheterojunction solar cell normally depends on the energy difference between the LUMO level of the electron acceptor and the HOMO level of the electron donor. 22 Consequently, significantly improved device performance with a remarkable increase in the power conversion efficiency up to 200% was repeatedly obtained for the G-P3HT devices with respect to the P3HT counterpart. Table 2 summarizes typical device performance for about 10 bilayer photovoltaic cells investigated in this study, including the reference devices fabricated in the same manner with identical device parameters by using the mixture of graphene (2 wt %) and P3HT/C 60 as the active layer. In this case, it was difficult to yield a homogeneous film by directly blending graphene with P3HT due to the aggregation of graphene in the polymer matrix. The graphene aggregation often has a deleterious effect on the charge separation/transport. Hence, the overall device efficiency was not remarkably improved (0.18%, Table 2 ), although the V oc exhibited an increase relative to that of the P3HT/C 60 device (IϪV curve, Figure S7, Supporting Information) . Therefore, the device based on G-P3HT/C 60 showed the best overall device performance among all of the different type photovoltaic devices studied in the present work. Although the obtained power conversion efficiency of 0.61% is still moderate, it is significant for bilayer devices and already considerably higher than those of CNT or inorganic nanocrystal (CdTe)-doped P3HT (or P3OT)/C 60 bilayer heterojunction solar cells 5,17Ϫ19 and even better than that of a CNT/P3HT/C 60 bulk heterojunction solar cell. 20 Furthermore, the relatively low fill factor for the G-P3HT device indicates considerable room for further improvement in the device performance.
CONCLUSION
In summary, regioregular poly(3-hexylthiophene) (P3HT) chains have been covalently grafted onto graphene sheets via esterification between the carboxylic groups in GO and CH 2 OH-terminated P3HT. The resultant P3HT-grafted GO sheets (G-P3HT) possess good solubility in common organic solvents (e.g., THF), facilitating the structure/property characterization and device fabrication by solution processing. Detailed spectroscopic and electrochemical measurements indicated that chemical grafting of P3HT onto graphene induced a strong electronic interaction, leading to an enhanced electron delocalization and a slightly reduced band gap energy for the graphenebound P3HT, with respect to pure P3HT. Bilayer photovoltaic devices based on the G-P3HT/C 60 heterostructures showed a higher short circuit current and open circuit voltage with a 200% increase in the power conversion efficiency compared to its pure P3HT/C 60 counterpart. Therefore, the organic soluble G-P3HT holds great promise for a wide range of potential applications in optoelectronic devices.
METHODS
Preparation of GO Nanosheets. GO sheets were prepared from exfoliation of graphite according to a modified Hummers method. 30 Briefly, commercially obtained graphite powder (Aldrich) was vigorously stirred for five days in a mixture of H 2 SO 4 (98%), NaNO 3 , and KMnO 4 . After completion of the reaction, the mixture was washed with 5% H 2 SO 4 in water. Consequently, 30% H 2 O 2 was added to the reaction vessel, and the mixture was stirred for 2 h at room temperature. The GO was filtered and washed three times with 1 M HCl and three times with DI water. The GO can be separated and dried into a brown powder form. The AFM image of the obtained GO sheets is shown in Figure S1 , Supporting Information.
Preparation of P3HT-Grafted Graphene. End-functionalized regioregular P3HT with methylene hydroxy groups was synthesized by the previously reported method. 31 The presence of the methylene hydroxy groups at ends was confirmed by NMR results (see Figures S2ϪS4, Supporting Information) . In a typical experiment for the synthesis of the P3HT-grafted graphene, dried GO sample (25 mg) was refluxed in thionyl chloride (25 mL) for 24 h, followed by the removal of excess thionyl chloride under vacuum. CH 2 OH-terminated P3HT (100 mg) in 30 mL THF was then added through a syringe to the thionyl chloride treated GO under stirring, followed by the addition of triethylamine (15 mL) in nitrogen atmosphere. After sonication for 2 h, the reaction mixture was vigorously stirred for 36 h, leading to a dark suspension. The solid in the suspension was removed by centrifuging at 5000 rpm for 10 min, and the solvent in the clear solution thus prepared was partially removed by evaporation. It was further purified by precipitating in methanol, filtering, and solventwashing thoroughly to remove the excess triethylamine. The final product was dried in vacuum oven for 24 h at 60°C.
Microscopic and Spectroscopic Characterization. The surface topology of GO was examined using an atomic force microscopy microscope (AFM, Micro 40, and Pacific Technology) in the tapping mode under ambient atmosphere. The surface chemistry was analyzed using a VG Micro Tech ESCA 2000 X-ray photoelectron spectrometer (XPS). Fourier transform infrared (FTIR) spectra were recorded on a Perkin-Elmer FTIR spectrometer (Spectrum ONE). NMR measurements were performed in CDCl 3 on a Bruker 300 MHz NMR spectrometer. Thermogravimetric analyses (TGA) were made on a TA Q50 instrument under N 2 atmosphere with a heating rate of 20°C/min. UVϪvis absorption spectra were recorded on a Perkin-Elmer Lambda 900 UVϪvis-NIR spectrophotometer. Photoluminescence (PL) spectroscopy was done with a LS55 spectrometer (Perkin-Elmer) at an excitation wavelength of 450 nm. Time-resolved photoluminescence spectroscopy was performed with a time-correlated single photon counting spectrometer. Output of a mode-locked Ti:sapphire laser running at 820 nm was doubled to generate excitation pulses at 410 nm.
Electrochemical Measurements.
To investigate the electrochemical properties of P3HT before and after being grafted onto graphene and to estimate their HOMO and LUMO energy levels, cyclic voltammetry (CV) was carried out by using a standard three-electrode system, which consists of a glassy carbon disk as the working electrode, a platinum wire as the counter electrode, and a silver wire as the reference electrode. The polymer electrode was prepared by drop-casting of a polymer solution onto the glassy carbon electrode. CV was recorded in acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 , Aldrich) as the supporting electrolyte. Before each measurement, the electrochemical cell was purged with high-purity argon gas for 15 min. The HOMO and LUMO energy levels in eV as well as the electrochemical energy gap (E g in eV) of the samples were calculated according to the following equations: 37 where E ox and E red are the onset of oxidation and reduction potential, respectively.
Fabrication and Characterization of Photovoltaic Devices. Indium tin oxide (ITO, 25 ⍀/sq) coated glass plates were used as the substrate for the device fabrication. The substrates were cleaned by consecutive sonication in detergent (MICRO-90), deionized water, isopropyl alcohol, and acetone in an ultrasonic bath (VWR model 75 D), followed by a 10 min UVϪozone treatment. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-DOT: PSS) (Bayton P, ϳ30 nm in thickness) was spin coated onto the clean substrates, which were subsequently dried at 120°C for 10 min to remove residual water. Photovoltaic devices were then fabricated in a glovebox under nitrogen atmosphere by spin coating a G-P3HT thin film (60 nm) from its chlorobenzene solution (10 mg/mL), followed by annealing at 160°C for 20 min. Thereafter, a thin layer of C 60 (45 nm) was vacuum evaporated onto the G-P3HT surface, followed by vacuum evaporation of Al (100 nm) onto the C 60 layer through a shadow mask to define an active area of 6 mm 2 for each device. The currentϪvoltage (JϪV) curves of the photovoltaic devices were recorded on a Keithly 236 source-measurement unit. The photocurrent was measured under simulated AM1.5G irradiation (100 mW/cm 2 ), using a xenon lamp-based solar simulator (XPS-400, Solar Light Co.). All devices were fabricated and tested in oxygen and moisture-free environment under nitrogen inside the glovebox. For comparison, bilayer solar cells based on pure P3HT/C 60 and on P3HT mixed with graphene (2 wt %) /C 60 were also fabricated and investigated under the same condition. 
